**Core tip:** Metabolic syndrome is a multifactorial condition of central obesity, hypertriglyceridemia, dyslipidemia, hypertension, and fasting hyperglycemia and insulin resistance. Although several studies examined the individual components of the metabolic syndrome in relation to development of diabetic retinopathy, there is conflicting data as to the association of the metabolic syndrome with the development of retinopathy lesions in non-diabetic subjects. This review examined the current literature on the prevalence and impact of the components of the metabolic syndrome on the development of retinopathy in subjects with and without an established history of diabetes.

INTRODUCTION
============

Diabetes mellitus (DM) is a pathologic condition affecting approximately 29 million or 9% of people in the United States\[[@B1]\]. DM is a condition classified by metabolic disorder caused by chronic hyperglycemia that results in a number of pathologies including microvascular and macrovascular complications such as retinopathy, neuropathy, nephropathy, ischemic heart disease, cerebrovascular disease and peripheral vascular diseases\[[@B2],[@B3]\]. Classically, DM has two etiologies that are classified as either type 1 or type 2. The hyperglycemia in type 1 DM is a direct result of destruction of the pancreatic beta cells; whereas, the hyperglycemia seen in type 2 DM is a result of insulin resistance and subsequent pancreatic beta cell dysfunction\[[@B4]-[@B6]\].

SECONDARY DIABETES
==================

DM may occur due to other endocrine disorders such as pituitary, adrenal and/or thyroid diseases (reviewed in\[[@B7]\]). These endocrine disorders are associated with sustained release of hormones that are antagonistic to insulin action including growth hormone, glucocorticoids, catecholamines or glucagon. Therefore, patients with acromegaly, Cushing syndrome, pheochromocytoma, primary hyperaldosteronism, hyperthyroidism, or glucagonoma are at high risk to develop secondary diabetes\[[@B8],[@B9]\]. Chronic alcoholic pancreatitis can also result in secondary DM, where diabetes develops mainly due to deficiency in insulin\[[@B10]\]. A recent study identified incidence of slight to moderate diabetic retinopathy in 12.5% patients with acromegaly\[[@B11]\]. Nevertheless, there are no large or comprehensive studies on development of microvascular complication in general or diabetic retinopathy in particular in patients with secondary-DM.

Pre-diabetic state "the metabolic syndrome"
-------------------------------------------

Although the ADA guidelines for a clinical diagnosis of type 2 diabetes require a random blood sugar greater than 200 mg/dL or fasting blood sugar greater than 125 mg/dL, current evidence suggests that the body undergoes significant metabolic changes prior to the development of frank diabetes\[[@B1],[@B12]\]. These changes include the following: Insulin resistance and the associated hyperinsulinemia and hyperglycemia, vascular endothelial dysfunction partially due to inappropriate release of cytokines from adipose tissue\[[@B13]-[@B15]\]. Clinically, the metabolic syndrome has several definitions but is generally diagnosed in individuals presenting with 3 of the criteria listed on Table [1](#T1){ref-type="table"}: Central obesity, hypertriglyceridemia, dyslipidemia, hypertension, and fasting hyperglycemia\[[@B15]-[@B17]\]. Current population studies have found that the metabolic syndrome affects a large number of individuals. One study in particular found its prevalence to be roughly 22% of adults in the United States, more significantly, an age-dependent increase in prevalence was also found\[[@B18]\]. Furthermore, a more recent study found that prevalence increased to roughly 34.5%\[[@B19]\]. Of note, the presence of the metabolic syndrome increases an individual's risk of developing type 2 diabetes, cardiovascular disease, and all-cause mortality from cardiovascular disease\[[@B20]-[@B22]\].

###### 

Adult treatment panel III criteria for diagnosis of the metabolic syndrome^1^

  ≥ **3 of the following**              
  ------------------------------------- ------------------------------------
  Fasting glucose                       ≥ 6.1 mmol/L (110 mg/dL)
  HDL cholesterol                       Male: \< 1.0 mmol/L (40 mg/dL)
  Female: \< 1.3 mmol/L (50 mg/dL)      
  Triglycerides                         ≥ 1.7 mmol/L (150 mg/dL)
  Abdominal obesity                     Male waist circumference: ≥ 102 cm
  Female waist circumference: ≥ 88 cm   
  Blood pressure                        ≥ 130/85 mmHg

^1^<http://www.nhlbi.nih.gov/files/docs/guidelines/atglance.pdf> (acquired 2016 Jul 17\[[@B136]\]).

DEVELOPMENT OF RETINOPATHY IN SUBJECTS WITHOUT A HISTORY OF DIABETES
====================================================================

Retinopathy has been defined in different studies to include microaneurysms, retinal hemorrhages, hard exudates, cotton wool spots, retinal venular abnormalities (venous beading and tortuosity), intraretinal microvascular abnormalities, and new blood vessels\[[@B23],[@B24]\]. Although, hyperglycemia and hypertension are strongly associated with incident retinopathy, there are other etiologies including ocular and systemic causes. Ocular etiologies include central or branch retinal vein occlusion, retinal telangiectasia ("spider veins"), and retinal macroaneurysms\[[@B24]\]. Systemic causes range from the hypertension, carotid atherosclerotic disease, previous head radiotherapy, severe forms of all anemias, and other blood abnormalities such as sickle cell. Systemic diseases such as lupus, toxoplasmosis, and acquired immune deficiency syndrome have also been associated with the development of retinopathy lesions in patients with no history of diabetes\[[@B24],[@B25]\]. There are several studies that examined the association of the components of metabolic syndrome with the development of retinopathy lesions in non-diabetic subjects. With this in mind, the focus of this review will primarily be the impact of metabolic syndrome on the development of retinopathy lesions in patients with established history of primary-DM or without history of diabetes. This review will also discuss some of the mechanisms through which metabolic syndrome can contribute to the development of retinopathy.

DIABETIC RETINOPATHY
====================

Among the microvascular complications of diabetes, diabetic retinopathy (DR) is among the most feared one. Retinopathy has traditionally been viewed as a product of ischemic insult; however, this topic is well documented in other reviews\[[@B26],[@B27]\]. DR is broadly classified into two stages: Nonproliferative diabetic retinopathy (NPDR) and proliferative diabetic retinopathy (PDR). Classification is determined by the presence of neovascularization in the retina\[[@B27]\]. NPDR typically precedes PDR and is divided into the following stages: Mild, moderate, severe, and very severe. These stages are based on the likelihood that the retinopathy will progress to PDR. Clinically, a patient with NPDR presents with microvascular abnormalities such as microaneurysms and hemorrhage, affecting the macula and posterior retina. Vascular abnormalities, such as an increased permeability of the retinal vasculature and serum leakage, contribute to capillary loss and subsequent ischemia\[[@B27]\]. PDR is defined by the presence of neovascularization and is divided into the following stages: Early, high risk, and severe neovascularization\[[@B27]\]. In response to retinal hypoperfusion, an increase in local production of vasoproliferative factors such as vascular endothelial growth factor (VEGF)\[[@B27]\] and platelet-derived growth factor (PDGF)\[[@B28],[@B29]\] occurs as a maladaptive protection mechanism. Increased levels of VEGF are traditionally correlated with stabilization of the transcription factor hypoxia-inducible factor-1 (HIF-1) levels under hypoxic conditions\[[@B30]\]. Both VEGF and PDGF are strongly associated with neovascularization *via* induction of new vascular development typically from optic disc or retinal vessels\[[@B31],[@B32]\]. This neovascularization further compounds the damage by contributing to the development of preretinal and vitreous hemorrhage, fibrosis, potential retinal detachment, and blindness\[[@B33]-[@B35]\].

CURRENT THERAPEUTICS FOR DR
===========================

The mainstay standard of care for DR is the laser treatment, a highly effective procedure to slowdown visual loss in patients with PDR. The laser-mediated photocoagulation seals leaking blood vessels directly or by eliminating abnormal newly formed blood vessels in the periphery of the retina that is thought to be involved in VEGF production\[[@B36]\]. With VEGF being a common product strongly associated with the progression of DR, current pharmacologic treatment strategies have been based on its local inhibition within the retina\[[@B37]\]. Anti-angiogenic therapy was developed in attempt to improve vision in patients with diabetic macular edema (DME) as well as PDR. Indeed, monthly injections of ranibizumab, an anti-VEGF improved vision, reduced the risk of further vision loss. These results were observed after 2-years and were sustained for 3-years\[[@B38]\]. Anti-VEGF treatment improved macular edema in diabetic patients as well as when it was used in combination with panretinal photocoagulation in patients with PDR. The reported side effects of ranibizumab in "as - needed" treatment regimen over a 5-year.

INSULIN RESISTANCE AND THE METABOLIC SYNDROME
=============================================

Researchers have proposed several mechanisms for the development of insulin resistance and the metabolic syndrome. These include: Genetic defects in proteins involved in the insulin action cascade, increased levels of visceral adiposity, free fatty acid levels (FFA), and chronic inflammation\[[@B39],[@B40]\]. Insulin resistance in adipose tissue, regardless its molecular or environmental basis, causes decrease in FFA uptake by fat cells and/ or increase in FFA release from fat cells. Under the insulin resistant state, there is impaired glucose handling by skeletal muscle and adipose tissue. This impaired glucose intake is a significant contributor to the hyperglycemia and associated vascular endothelial damage observed in insulin resistant individuals\[[@B41],[@B42]\]. Additionally, insulin is important in the signaling for nitric oxide release from vascular endothelial cells, resulting in vasodilation and reduced vascular resistance, which reduces blood pressure\[[@B43],[@B44]\]. Thus, there is a strong associations between the presence and extent of insulin resistance with hypertension due to increased vascular resistance and impaired glucose regulation\[[@B45],[@B46]\].

Hypertension, affecting 29.8% of United States adults\[[@B47]\] represents the best known systemic condition associated with non-diabetic retinopathy. Hypertension is an established risk factor for the development of several cardiovascular complications including retinopathy, atherosclerosis, and aneurysms\[[@B48],[@B49]\]. Poorly controlled systemic hypertension causes worsening of microvascular disease of the eye like DR\[[@B50]\]. Hypertensive retinopathy shared the pathophysiology of damaged retinal vascular endothelium similar to DR\[[@B51],[@B52]\]. In contrast to the metabolic damage in DR, this vascular endothelial damage is mechanically induced by increased blood flow\[[@B53],[@B54]\]. Despite the relationship between retinopathy and hypertension in patients without history of diabetes, one study, "the Hoorn", identified retinopathy 8 of the 17 individuals without history of diabetes who developed retinopathy did not have hypertension. In addition, HbA1c level and waste to hip ratio (WHR) were risk factors in the nondiabetic individuals\[[@B23]\]. These finding suggest that retinal pathologies begin to develop prior to a clinical diagnosis of hypertension that eventually result in retinopathy.

RETINOPATHY IN SUBJECTS WITH METABOLIC SYNDROME BUT NO HISTORY OF DIABETES
==========================================================================

In the absence of a clinical diagnosis of diabetes, associations have already been found between the metabolic syndrome and macro- or microvascular pathologies such as atherosclerosis, arteriosclerosis, and endothelial dysfunction\[[@B55],[@B56]\]. Several studies examined the associations between the independent components of the metabolic syndrome with the development of retinal vascular injury, by measuring the mean retinal artery and venous caliber\[[@B31]\]. In this study, components of the metabolic syndrome including large waist circumference, lower HDL cholesterol levels, and higher BP were independently associated with reduced mean retinal arterial caliber in non-diabetic persons. Individuals with hypertriglyceridemia were significantly more likely to have arteriovenous nicking and later develop retinopathy\[[@B31]\]. These finding clearly show an association between the MS and retinal vascular dysfunction.

Following the earlier notion that dyslipidemia plays a critical role in DR, several studies examined the individual components observed in the metabolic syndrome in relation to DR\[[@B57]-[@B60]\]. Similar to the impact of dyslipidemia, there is conflicting data as to the association of the metabolic syndrome with the development of retinopathy lesions in non-diabetic subjects. One study of obese individuals older than the age of 40, found no significant correlation between the metabolic syndrome and retinopathy once diabetes and hypertension were controlled for\[[@B61]\]. Another population study found no significant association in the incidence of retinopathy and the metabolic syndrome in the non-diabetic population, but there was a significant association between hypertension and retinopathy\[[@B57]\].

In contrast, studies focusing on specific patient populations found differing results. A recent study in a Chinese population identified a positive correlation between the metabolic syndrome and retinopathy in the examined non-diabetic subjects\[[@B62],[@B63]\]. In a study of Japanese adults, the metabolic syndrome was found to be associated with retinopathy; a larger waist circumference was associated with wider venular diameter and retinopathy lesions; a higher blood pressure level was associated with focal arteriolar narrowing, arteriovenous nicking, enhanced arteriolar wall reflex and narrower arteriolar diameter; and a higher triglyceride level was associated with enhanced arteriolar wall reflex\[[@B64]\]. In the Hoorn study, in the Netherlands, there was significant correlation of retinopathy with the combination of high waste-to-hip ratio (WHR), HbA1c level, and hypertension in non-diabetics and in glucose-impaired subjects, supporting a role for insulin resistance in the pathogenesis of retinopathy\[[@B23]\].

Interestingly, there was no significant correlation between incidence of retinopathy with serum levels of triglycerides, and total cholesterol or body mass index (BMI)\[[@B23]\]. Despite generalized obesity indicated by high BMI not being associated with retinopathy, a high-body-fat percentage indicated by WHR has been shown to be significantly associated with development of retinopathy in patients with type-2 diabetes\[[@B65]\]. Similar to the Hoorn study, the WHR was also an independent risk factor in the diabetic patients in the EURODIAB study\[[@B66]\]. These discrepancies speak to a number of possible factors including the inability of the BMI calculation to accurately estimate body composition\[[@B67],[@B68]\] while the WHR is an indicator for central obesity and is associated with insulin resistance\[[@B69]\]. In addition, differences in measurement methods and quantification for incidence and/or rate of progression of retinopathy\[[@B57],[@B70],[@B71]\]. The other factor is that dysfunction of adipose tissue has been shown to increase oxidative stress and subsequent cytokine, contributing to the pathogenesis of retinopathy\[[@B72]\]. Given that hyperglycemia and hypertension are the strongest risk factors for the development of retinopathy lesions, and that these two conditions are contributors to the diagnosis of the metabolic syndrome, it may be beneficial to modify the clinical approach to individuals with the metabolic syndrome, namely those with hypertension and hyperglycemia coupled with obesity, calculated by WHR, in order to prevent or slow the development of hyperglycemia, hypertension, and hypertriglyceridemia, which in turn could possibly delay the onset of retinopathy lesions and visual impairment in subjects with these comorbidities.

RETINOPATHY IN PATIENTS WITH NON-ALCOHOLIC FATTY LIVER DISEASE
==============================================================

Although insulin resistance is a key pathogenic factor in both non-alcoholic fatty liver disease (NAFLD) and metabolic syndrome, few studies examined the relationship between NAFLD and retinopathy in the presence or absence of diabetes. Central adiposity and visceral fat are important source of triglycerides leading to steatosis and NAFLD\[[@B73]\]. The prevalence increases in subjects with impaired glucose tolerance (43%) and in subjects with newly diagnosed DM\[[@B74]\]. The NHANES III was conducted by the Centers for Disease Control and Prevention using a nationwide probability sample of the United States non-institutionalized civilian population from 1988 to 1994. While a strong association between diabetes and retinopathy was observed, NAFLD was not associated with retinopathy in the non-diabetic population\[[@B75]\]. No significant relationship between NAFLD and incident retinopathy was observed in either diabetic or non-diabetic after adjusting for the confounders such as age, gender, ethnicity, and metabolic components. In addition, this same study found no significant increase in DR prevalence in individuals with both DM and NAFLD\[[@B75]\]. In contrast, prior studies observed a positive association between pediatric NAFLD participants and the degree of retinopathy signs\[[@B76]\]. Additionally, NAFLD was associated with increased rates of chronic kidney disease and proliferative diabetic retinopathy in individuals with type 2 diabetes in Italy\[[@B77]\]. Of note, NAFLD was not significantly correlated with the incidence of retinopathy in patients with NPDR after adjusting for multiple factors\[[@B77]\].

RETINOPATHY IN PATIENTS WITH METABOLIC SYNDROME AND HISTORY OF DIABETES
=======================================================================

Traditionally, the development of DR in patients with type 1 or type 2 diabetics has been linked to the associated hyperglycemia\[[@B78]\]. Whether the existence of metabolic syndrome in these patients can accelerate or aggravate the incidence of DR is not clear. For example, the findings of the landmark studies, Land mark clinical trials including United Kingdom Prospective Diabetes Study (UKPDS) in patients with type-2 diabetes\[[@B79],[@B80]\], the Diabetic Control and Complications Trial (DCCT), in patients with type-1 diabetes\[[@B81]\] and its follow-up, the Epidemiology of Diabetes and Interventions and Complications (EDIC)\[[@B82],[@B83]\] were traditionally interpreted that tight glycemic control significantly delayed development of DR. However, the level of reduction was significantly lower in patients with type 2 diabetes (25%) and 76% in patients with type 1 diabetes, suggesting that factors outside of hyperglycemia associated with type 2 diabetes may play a role in the pathology of the microvascular complications such as retinopathy\[[@B82],[@B83]\]. Also, the tight metabolic control, individually and coupled with other interventions, has been shown to significantly decrease the incidence of retinopathy, while also increasing the quality and duration of life in these patients\[[@B82]\]. With this population beginning to live longer, the rates and incidence of comorbid metabolic syndrome and type 1 diabetes has begun to increase as this population begins to be more representative of the general United States population\[[@B84]\].

Another study in patients with type 1 diabetes found that tight glycemic control had threshold effectiveness at reducing the incidence of retinopathy. When looking for other associations, they found that once the duration of hyperglycemia was controlled for, increased WHR and fasting triglyceride levels were the only other factors strongly associated with the incidence of retinopathy in these patients\[[@B85]\]. Interestingly, a study in Belgium found that patients with type 1 diabetes who are overweight and had higher BMI had more retinopathy than normal-weight diabetic patients. Patients with retinopathy were older and had a longer diabetes duration and higher A1C than individuals without retinopathy\[[@B86]\]. However, one study took a different approach to studying this relationship by estimating the prevalence of DR in individuals with the metabolic syndrome depending on the number of MS components these individuals had\[[@B65]\]. This study focused on diabetic patients but normalized for several associated parameters including HbA1C. This study found a linear relationship between the number of MS components and the prevalence of DR\[[@B65]\]. These findings support the relationship between the metabolic syndrome, namely the obesity and hypertriglyceridemia, and the development and/or progression of DR. Given that these conditions are strongly associated with type 2 diabetes, and are components of the metabolic syndrome, it would be logical to look into their contribution to the incidence of retinopathy in this population\[[@B87]\]. Other studies found positive correlations between the comorbid metabolic syndrome and type 2 diabetes with all cardiovascular complications including DR\[[@B88],[@B89]\]. Furthermore, other studies found that the presence of hyperinsulinemia and dyslipidemia in type 2 diabetics was associated with the onset of microvascular complications\[[@B90],[@B91]\]. A case-controlled study, with data obtained from 2551 Chinese participants found that the trend to develop DR with metabolic syndrome was significantly higher than that without metabolic syndrome. Metabolic syndrome was an independent statistical indicator of the presence of DR after adjusting for age and sex as well as HbA1c and duration of diabetes\[[@B65]\]. Additively these findings bolster the claim that in addition to hyperglycemia and hypertension, the hypertriglyceridemia seen in several individuals in this population may very well play a significant role in the pathogenesis of DR in this population.

DYSLIPIDEMIA AND DEVELOPMENT OF DR
==================================

Diabetic dyslipidemia is traditionally characterized by high plasma triglycerides and low-density lipoprotein cholesterol (LDL) and reduced levels of high density lipoprotein cholesterol (HDL). While early studies have suggested positive correlation between dyslipidemia and hard exudates, longitudinal studies in patients with type-1 diabetes found modest impact of increased total cholesterol and HDL on the incidence of DR\[[@B92]\]. Of note, serum triglyceride levels were not considered in that study. As discussed in the review by Sabanayagam et al\[[@B93]\] 2016, changes in the circulating levels of lipids are not always associated with DR progression. A recent meta-analysis revealed that the triglycerides, total cholesterol and LDL cholesterol were signiﬁcantly elevated in persons with diabetic macular edema (DME) when compared to those with DM without DME\[[@B94]\]. In the Madrid Diabetes Study, higher LDL cholesterol level increased the 4-year risk for DR by 8-fold in type 2 diabetes\[[@B95]\]. In contrast, higher levels of total and LDL cholesterol were found to be protective of any retinopathy in a Singapore study as well as in a multi-ethnic United States population study\[[@B96],[@B97]\]. In a follow-up analysis of the DCCT-EDIC from type-1 diabetic patients, the severity of retinopathy was positively associated with triglycerides (combined cohort) and negatively associated with HDL cholesterol in men from combined cohort\[[@B98]\]. Advanced lipoprotein profiling identified positive association of retinopathy with small and medium VLDL and negatively with VLDL sizes. No associations were found with apolipoprotein-A1, Lipoprotein(a), or susceptibility of LDL to oxidation in type-1 diabetic patients.

The early belief that dyslipidemia plays a critical role in DR, initiated several studies that examined the impact of lipid lowering drugs on DR. As discussed in the review by Modjtahedi et al\[[@B99]\] 2016, overall there are variable results but the majority of the studies support a protective role of some lipid lowering agents such as fenofibrate in mitigating hard exudates and DR. The beneficial effects of lipid lowering agents are not fully attributed to correcting dyslipidemia and may be attributed to anti-inflammatory, antioxidants and anti-apoptotic effects. Finally, two major randomized clinical trials showed that fenofibrate, a drug that is used to reduce cholesterol significantly inhibited DR progression in diabetic patients\[[@B100],[@B101]\]. Lastly, a multinational case-control study suggested that conventional serum lipids profiles are unlikely to show clear and dependent effects on the development of DR\[[@B102]\]. The published literature suggested an association between diabetic dyslipidemia and DR; however, a more detailed and specific subtype of lipids or lipoproteins may have a clear pathogenic role rather than traditional lipid profile. In addition, alternative hypothesis suggests that initial damage to the retina barrier facilitate leakage of lipids and its oxidized metabolite to exert local adverse effects that are not necessarily mirrored by significant alteration in serum lipid profile\[[@B99]\].

MECHANISMS ASSOCIATED WITH RETINOPATHY IN THE METABOLIC SYNDROME
================================================================

DR is classically perceived as microvascular disease with initial vascular endothelial damage as a direct result of hyperglycemia. Given the known pathophysiology of the components of the metabolic syndrome, as well as its association with type 2 diabetes\[[@B46],[@B103]\], we will discuss the common major mechanisms of pathology in both the metabolic syndrome and diabetes.

For retinopathy in patients with an established history of diabetes, hyperglycemia has been identified as primary factor evident by the strong correlation between an individual's HbA1c and the development of DR\[[@B79]\]. Results from the clinical trial UKPDS in patients with type 2 diabetes\[[@B79],[@B80]\] and the DCCT in patients with type 1 diabetes\[[@B81]\] established that intensive glycemic control significantly reduced the incidence of retinopathy. More specifically, risk reduction of DR was found to be 76% in patients with type 1 diabetes and 25% in type 2 diabetics. Several studies examined mechanisms involved in hyperglycemic damage include non-enzymatic glycosylation of vascular basement membrane, advanced glycation end products and osmotic damage due to the conversion of circulating sugars to sorbitol by aldose reductase\[[@B78],[@B104],[@B105]\]. Studies have found that diabetes mellitus and the metabolic syndrome both, increase reactive oxygen species (ROS) production and decrease the antioxidant capacity. This is associated with oxidative damage of cell components such as proteins, lipids, and nucleic acids can trigger a chronic inflammatory response\[[@B106],[@B107]\]. Impact and sources of hyperglycemia-derived oxidative stress and proinflammatory cytokines in the diabetic retina are well-documented in the literature\[[@B108],[@B109]\]. As depicted in Figure [1](#F1){ref-type="fig"}, the aforementioned mechanisms result in vascular endothelial cell dysfunction and an increase in local immune cell activity resulting in a leukocyte oxidative burst and the associated increased leukostasis, vascular permeability\[[@B110],[@B111]\]. Inflammation-mediated leukostasis has been linked to pericyte and endothelial cell death, retinal ischemia, and neovascularization, which contribute to vision loss in DR\[[@B109]\].

![Schematic presentation of the postulated primary role of hyperglycemia and insulin deficiency in driving diabetic microvascular complications in type-1 diabetes. Secondary mediators of retinal vascular damage include oxidative stress, inflammation and leukostasis.](WJD-8-317-g001){#F1}

In contrast, identifying mechanisms involved in retinopathy associated with the metabolic syndrome is not a straightforward task. The metabolic syndrome is a combination of several criteria (Table [1](#T1){ref-type="table"}) including central obesity, hypertriglyceridemia, insulin resistance, dyslipidemia, hypertension, and fasting hyperglycemia. Furthermore, central obesity and the excess adipose tissue observed in obese individuals partially contribute to the development of the insulin resistance syndrome and cardiovascular disease. As depicted in Figure [2](#F2){ref-type="fig"}, metabolic syndrome and endocrine dysfunction of adipose tissue can be very important in the development of retinopathy lesions and progression of the DR.

![Schematic presentation of the multiple pathways involved in metabolic syndrome including hypertension, central obesity, dyslipidemia, adipose tissue and adipokine's dysfunction, altered free fatty acids levels and polyunsaturated fatty acid metabolism leading to local and systemic inflammation. FFA: Free fatty acids; PUFA: Polyunsaturated fatty acid.](WJD-8-317-g002){#F2}

ADIPOSE TISSUE DYSFUNCTION AND ADIPOKINES
=========================================

In healthy adults, adipose tissue secretes a number of factors such as resistin and pro-inflammatory cytokines such as tumor necrosis factor (TNF)-α and interleukin-6 (IL-6), which participate in the activation of macrophages that further perpetuate this inflammatory cascade. When adipose tissue is accumulated, as it is in obesity due to increased adipose tissue, it begins to operate in a dysfunctional manner. Additionally, in the obese state, adipose tissue secretes reduced amounts of the anti-inflammatory adipokine adiponectin, an adipokine that normally acts to increase insulin sensitivity by inhibiting hepatic gluconeogenesis and augmenting skeletal muscle glucose uptake\[[@B14],[@B112]\]. In addition to these factors, it appears that excess adipose tissue leads to dysfunctional release of several other factors including retinol binding protein-1 and leptin\[[@B9],[@B14]\]. The abnormal release of these factors contribute to insulin resistance by further dysregulating glucose homeostasis and augmenting hyperphagia and hyperglycemia induced damage\[[@B14]\].

Recently, the endocrine function of adipose tissue has become the focus of several studies. These functions include the secretion of adiponectin and resistin, both of which are involved in insulin sensitization, and subsequent increased glucose uptake\[[@B14],[@B113]\]. Adiponectin functions to increase insulin sensitivity and is secreted at high levels in lean individuals with low levels of adipose tissue. However, as adipose tissue increases, the level of adiponectin secreted by adipose tissue decreases partially due to the increased secretion of pro-inflammatory markers and their associated induction of oxidative stress\[[@B14],[@B113],[@B114]\]. Another significant adipokine, resistin, is abnormally increased in obese individuals and is a contributor to the development and progression of the insulin resistance\[[@B14],[@B115],[@B116]\]. Dysfunctions in these processes, independent of causing direct damage to vascular endothelium, can contribute to insulin resistance and hyperglycemia. One study looking at the progression from non-proliferative to proliferative, found a strong association between the progression of retinopathy and increased c-reactive protein levels and increased serum resistin, a protein secreted by several tissues including white adipose tissue, nonfat cells of adipose tissue, bone marrow, and lung. This study found that increased serum resistin was associated with obesity and was highest in obese individuals with diabetes. Furthermore, increased serum resistin was associated with increased triglycerides and the progression of retinopathy\[[@B117],[@B118]\]. These findings further bolster the association between DR and hypertriglyceridemia particularly due to resistin's association with obesity and increased triglycerides. Furthermore, resistin's association with retinopathy is made more plausible given its association with type 2 DM, insulin resistance, and inflammation. All of these factors have demonstrated associations with DR; however, the specific role of resistin in inflammation has not yet been elucidated\[[@B117],[@B119]\]. Given that c-reactive protein is a known inflammatory biomarker related to vascular endothelial dysfunction and atherogenesis, its association with increased serum resistin levels provides additional support for adipose tissue dysfunction in the obese state contributing to the pathologies associated with diabetes including DR\[[@B117],[@B118]\].

ADIPOSE TISSUE AND FFA
======================

Adipose tissue can contribute to insulin resistance by regulating the level of the FFAs or the non-esterified fatty acids (NEFAs) depending on the body's energy status\[[@B120],[@B121]\]. Circulating NEFAs/FFAs reduce adipocyte and muscle glucose uptake, and also promote hepatic glucose output. Because lipolysis in adipocytes is depressed by insulin, insulin resistance from any cause can lead to NEFA elevation, which, in turn, induces additional insulin resistance as part of a vicious cycle that eventually contribute to diabetic complication including DR\[[@B120],[@B121]\]. Furthermore, a prior study found that a long-acting antilipolytic drug could lower FFA levels in 9-lean control subjects, 13-obese nondiabetic subjects, 10-obese subjects with impaired glucose tolerance, and 11 patients with type 2 diabetes\[[@B122]\]. The results showed FFA lowering drugs improved oral glucose tolerance in both lean and obese nondiabetic subjects and in obese patients with type 2 diabetes, supporting the notion that adipose tissue can contribute to the pathologies associated with insulin resistance\[[@B122]\].

INFLAMMATION
============

The involvement of the inflammatory pathway in retinopathy associated with metabolic syndrome is critical in the light of the observation that obesity, hypertension, hyperlipidemias, and insulin resistance are considered low-grade systemic inflammatory conditions\[[@B123]\]. A major contributor to this inflammation is the release of pro-inflammatory cytokines by immune cells such as macrophages, lymphocytes, and leukocytes after they infiltrate the adipose tissue\[[@B14],[@B124],[@B125]\]. The pro-inflammatory cytokines secreted by adipose tissue include interleukins (ILs), notably IL-1β, IL-6, and tumor necrosis factor alpha\[[@B126]\]. These cytokines contribute to the impairment of glucose homeostasis, insulin signaling and development of insulin resistance and cardiovascular complications such as DR\[[@B127]-[@B130]\].

The retina is rich in n-3 polyunsaturated fatty acids (PUFAs) and upon activation of phospholipase A2, release of the metabolites arachidonic acid (AA), eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) in response to various stimuli including growth factors, cytokines and free radicals\[[@B131]\]. The AA, EPA and DHA are metabolized by cyclooxygenases (COXs), lipoxygenases (LOXs), and cytochrome P450 (CYP450) enzymes\[[@B123]\]. The AA forms a precursor to pro-inflammatory prostaglandins, thromboxanes and leukotrienes in general. It is noteworthy that AA can also give rise to lipoxins, which are potent anti-inflammatory molecules. Similarly, EPA gives rise to resolvins and DHA to protectins, which possess significant anti-inflammatory properties. As such, these molecules may have a role in modulating the chronic inflammatory state observed in DR and metabolic syndrome\[[@B131]\].

Inflammation in DR has also been linked to induction of the cyclooxygenase-2 (COX-2) pathway. Induction of the COX-2 pathway results in a dysfunctional increase in the production of prostaglandins and thromboxane\[[@B132]\]. This dysfunctional production contributes to the chronic inflammatory pathologies by augmenting the vascular permeability noted in these patients, increasing platelet aggregation and leukostasis, which results in the increased local production of pro-inflammatory cytokines\[[@B32]\]. Furthermore, the increased products of the COX-2 pathway in the diabetic patients, has been associated with the increased local secretion of VEGF in the retina, a major contributor to the progression of DR\[[@B133],[@B134]\]. Prior studies have shown that PUFAs, especially EPA and DHA, inhibit the production of both IL-6 and TNF-α and suppress the expression of VEGF\[[@B135]\]. Leukotrienes have been found to be increased in the retinas of diabetic mice. These inflammatory factors contribute to several of the dysfunctions noted chronic retinal inflammation including the increased vascular permeability and increased production of free radicals\[[@B131]\].

CONCLUSION
==========

The prevalence of DM and its associated pathologies have significantly increased as a result of increasing prevalence of obesity and insulin resistance. For retinopathy in patients with established history of DM, hyperglycemia remains the most consistent risk factor for DR in type 1 diabetes across different studies and populations (Figure [1](#F1){ref-type="fig"}). While blood pressure is an important risk factor for DR in type 2 diabetes, correlation with serum levels of lipids are not consistent. Meanwhile, considerable evidence showed that central obesity, insulin resistance and dyslipidemia are associated with retinopathy lesion in non-diabetic and diabetic patients. As depicted in Figure [3](#F3){ref-type="fig"}, the cascade of events involved in development of DR is complex and interrelated and not entirely driven by hyperglycemia in patients with metabolic syndrome. Moreover, diabetic macular edema rather than PDR is the increasingly common cause of visual impairment. Patients with type 2 diabetes with dyslipidemia show higher tendency for DME and can benefit from cholesterol reducing agents such as fenfibrate in addition to antidiabetic agents. Although the current anti-VEGF therapies are beneficial in some patients with DR, about 50% of other patients do not respond adequately. This calls for additional studies to find better treatment and management strategies to prevent its currently incurable complications, such as DR, should be of high priority. Therefore, targeting components of the metabolic syndrome could be a beneficial preventative/dilatory intervention. Specifically, understanding the pathways involved in dysfunction of adipose tissue and the associated alteration of PUFA, FFA and adipokines such as adiponectin and resistin contribute to inflammation and cardiovascular complications including retinopathy lesions in both diabetics and non-diabetics. Novel strategies to suppress systemic and local inflammation seen in DR should be further explored in order to prevent and/or delay DR.

![Schematic presentation of the postulated multifactorial and interrelated pathways of insulin resistance, inflammation, dyslipidemia and hyperglycemia that collectively drive microvascular complications in patients with metabolic syndrome with and without established history of diabetes.](WJD-8-317-g003){#F3}
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